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Abstract: Phase change materials (PCMs) are materials that exhibit thermal response characteristics,
allowing them to be utilized in the biological field for precise and controllable temperature regulation.
Due to considerations of biosafety and the spatial limitations within human tissue, the amount of
PCMs used in medical applications is relatively small. Therefore, researchers often augment PCMs
with various materials to enhance their performance and increase their practical value. The dispersion
of nanoparticles to modify the thermophysical properties of PCMs has emerged as a mature concept.
This paper aims to elucidate the role of nanomaterials in addressing deficiencies and enhancing the
performance of PCMs. Specifically, it discusses the dispersion methods and stabilization mechanisms
of nanoparticles within PCMs, as well as their effects on thermophysical properties such as thermal
conductivity, latent heat, and specific heat capacity. Furthermore, it explores how various nano-
additives contribute to improved thermal conductivity and the mechanisms underlying enhanced
latent heat and specific heat. Additionally, the potential applications of PCMs in biomedical fields are
proposed. Finally, this paper provides a comprehensive analysis and offers suggestions for future
research to maximize the utilization of nanomaterials in enhancing the thermophysical properties of
PCMs for biomedical applications.

Keywords: phase change material; nanomaterials; thermophysical properties; biomedical application

1. Introduction

Phase change material (PCM) is a kind of material that incurs phase transition at a
specific temperature accompanied by a large amount of heat absorption or release [1]. The
most common classification of solid-liquid PCMs can be divided into inorganic and organic
PCMs based on the different chemical compositions. Under these two categories, solid—
liquid PCMs are further classified, as shown in Figure 1. PCM has the two characteristics
of constant temperature and high latent heat value when phase transition occurs, which
means that it can be used in the biological field to achieve accurate and controllable
temperature regulation. There are lots of therapeutic methods related to temperature
control in the biomedical domain [2]. For example, mild heat (42 °C) can used for tissue
regeneration [3]; tumor cells are more susceptible to moderate heat (£45 °C) compared to
normal cells [4-6]; and hyperthermia (>50 °C) is more effective in treating infections [7].
Therefore, photo-thermal effects can be manipulated for various therapies according to
different temperatures. PCM can be utilized to precisely operate the local temperature
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distribution of a lesion within a specific narrow range to avoid thermal injury of the adjacent
normal tissues. Wang et al. [8] introduced eicosane as a PCM and micro-encapsulated it
in an acrylic functionalized silica shell through lotion-templated interface polymerization.
This design was used to control the release of drugs, and it could also provide thermal
cushioning for thermosensitive chemicals or biomolecules when exposed to violent, highly
fluctuating ambient temperatures. Chen et al. [9] designed a functional mask composed of
a flexible layered frame-based polyethylene glycol (PEG) PCM composite for heat energy
collection and hyperthermia. This respirator could hold the air flow entering the cavum
nasi at 40—43.5 °C for 30 min and effectively alleviate rhinitis. However, it was found
that the amount of PCMs used in medical applications is relatively small because of the
biosafety and spatial limitations within human lesion tissues, but, in order to ensure the
heat transfer and storage effect, there is an urgent need to improve the thermophysical
properties of PCMs.
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Figure 1. Classification of phase change materials (PCMs).

However, most PCMs have their own limitations. For common organic PCMs, the
thermal conductivity is often relatively low, and lower thermal conductivity also means that
the heat transfer efficiency is poor [10]. For another common PCM, inorganic crystalline
hydrates, although the heat transfer performance is much better than that of organic PCMs,
they still face the problem of extensive supercooling caused by incongruous melting [11].
In addition, compared with other thermal energy storage forms, the most outstanding
performance advantage of PCMs is the latent heat storage during phase change, which is
also the main thermal energy storage method of PCMs [12]. A higher latent heat value
of PCMs means a higher thermal storage capacity, demonstrating greater application
value [13,14].

In response to these circumstances, a range of methods have been employed to im-
prove the properties of phase change materials (PCMs). For instance, the incorporation
of nanomaterials can augment thermal conductivity, thereby imparting additional func-
tionalities to PCMs such as photothermal and electrothermal conservation [10]. Therefore,
in order to obtain PCMs with good thermal storage performance, researchers have been
committed to studying their influence on the phase change latent heat of PCMs. For PCMs,
the display of heat storage capacity not only includes latent heat but also specific heat
(sensible heat), which is another important form of heat storage. Unlike latent heat storage,
which concentrates on a specific temperature point to store and release large amounts of
heat energy, specific heat storage refers to storing and releasing smaller amounts of thermal
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energy in addition to the phase change process [15]. However, considering that the actual
application temperature range of PCMs is usually relatively wide, aside from the phase
change temperature point, the form of heat storage provided by PCMs is specific heat
storage [16]. Therefore, in order to obtain PCMs with more excellent and comprehensive
energy storage capacity, improvement of the specific heat also plays an important role [17].
At present, the improvement of the thermophysical performance of PCMs mainly focuses
on the following four points: the enhancement of thermal conductivity, latent heat, specific
heat, and the reduction of supercooling.

Recently, research on nanomaterials has made more extensive breakthroughs [18].
Nanostructured materials can be classified as unidimensional, two-dimensional, and three-
dimensional nanomaterials, according to their dimensions (most nanoparticles are three-
dimensional materials). According to the chemical category, they can also be divided into
metal nanomaterials, metal oxide nanomaterials, inorganic non-metallic nanomaterials,
and carbon nanomaterials [19].

With the maturity of nanomaterial preparation processes, there are more reports on
PCMs modified by nanoparticles to obtain better thermophysical properties [20]. Nanopar-
ticles with high thermal conductivity can better enhance the thermal conductivity of PCMs
with a small amount of doping, thus reducing the heat storage and release time of PCMs and
increasing the working efficiency of the heat storage system [21]. Moreover, nanoparticles
have a large specific surface area. Some nanoparticles possess multiple functional groups
on their surfaces, making them easy to interact with PCMs, thereby altering the latent heat
and specific heat performance of PCMs [22]. In conclusion, to comprehensively introduce
the role of nanomaterials in addressing the limitations and enhancing the performance of
PCMs, this paper will respectively discuss the dispersion and stability of nanoparticles in
PCMs (Section 2), as well as their effects on thermophysical properties including thermal
conductivity, specific heat capacity, and latent heat (Section 3). Furthermore, based on
detailed investigations, this paper will thoroughly present applications in the medical field
such as drug delivery, medical dressing, and healthcare, etc. (Section 4).

2. Dispersion and Stability of Nanomaterials in PCMs
2.1. Agglomeration of Nanomaterials and Their Influence Factors

Many studies have shown that nanomaterials are easy to agglomerate in various
dispersion media [23]. If the dispersion and stability of nanoparticles in PCMs are poor, the
effectiveness of the nanomaterials’ modification may decline over the long-term thermal
cycling of PCMs. “Stability” in the context of dispersed composites involving nanomaterials
refers to the collective ability of a composite to maintain a uniform dispersion, resist
chemical and physical degradation, and retain performance over time. Methods to evaluate
the dispersion stability of nanoparticles in PCMs mainly include sedimentation, particle size
detection, zeta potential measurement, transmittance, and electron microscope observation,
etc. [24].

The dispersion and stability of nanoparticles in PCMs involve several key aspects. First,
the unique properties of nanoparticles are largely influenced by their size. Nanoparticles
have a large specific surface area due to the arrangement of atoms on their surface, making
them more prone to adsorb other substances. Secondly, nanoparticles contain numerous
crystal defects such as twins and dislocations, leading to a high number of unsaturated
bonds. This increases the number of active sites on the particle surface, resulting in high
chemical activity. Due to their multiple activation sites, nanoparticles easily combine with
other atoms to achieve a more stable state. Thirdly, the wettability between nanoparticles
and the PCM dispersion medium is crucial and is primarily influenced by the hydrophilic
and hydrophobic properties of the nanoparticles [25-27].

2.2. Improvement Methods

The methods to enhance the dispersion and stability of nanoparticles in PCMs can be
divided into the following three categories according to their principles: enhancing the
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wettability of nanoparticles on the surface of PCMs, enhancing the electrostatic repulsion
between nanoparticles, and using polymer materials to adsorb nanoparticles to form a
three-dimensional protective layer [23]. According to the implementation methods, they
can be divided into physical and chemical methods. Currently, the following methods are
commonly used to enhance the dispersion and stability of nanoparticles in PCM.

2.2.1. Physical Methods
(1) Mechanical dispersion method

The mechanical dispersion method involves directly dispersing nanoparticles into the
dispersion medium through high-speed stirring, ball milling, grinding, etc. During the
mechanical dispersion process, the dispersant forms a molecular film on the surface of the
particles, which prevents them from coming into contact with each other. This creates a
spatial barrier that effectively prevents the aggregation of nanoparticles.

The dispersant is also used to form a layer of molecular film on the particle sur-
face, which hinders the mutual contact between particles, increases the distance between
particles, and plays a certain role in steric hindrance, thus effectively preventing the ag-
glomeration of nanoparticles [1]. The advantage of the mechanical force method is that the
output of nanoparticles is high and the process is simple and easy to control [28]. The vast
majority of dispersion means involve the mechanical dispersion method, which can also be
combined with other enhanced dispersion means.

The dispersion effect of the mechanical dispersion method heavily relies on the char-
acteristics of the nanoparticles themselves. Typically, it is necessary to apply dispersants in
conjunction to achieve a better dispersion effect [23,29]. However, the potential impact of
dispersants on the properties of PCMs should be taken into consideration when adding
them to the PCM. Generally, the introduction of dispersants tends to reduce the heat storage
capacity of PCMs. Therefore, when incorporating dispersants, it is important to evaluate
their potential effects on PCM performance.

(2) Ultrasonic dispersion

Ultrasound possesses unique dispersion properties that induce high pressure and
stress within a liquid medium. When exposed to ultrasonic energy, shear processes disrupt
the binding energy of nanoparticles [30]. Sonification also triggers two nonlinear effects—
cavitation and sound streaming—which impede nanoparticle agglomeration in the liquid,
thereby facilitating their separation. [31].

Ultrasonic dispersion finds extensive application in the preparation of nano/micron
lotions and the dispersion of nanoparticles [32-34]. It involves delivering energy to the
nanoparticle PCM system. However, when ultrasonic power and duration exceed optimal
levels, excessive thermal and mechanical energy can result, leading to increased collisions
between nanoparticles and subsequent agglomeration. Hence, it is crucial to avoid excessive
heat during the ultrasonic dispersion process.

(3) Dispersants

A dispersant is a commonly used auxiliary material for dispersing nanomaterials.
There are two main working principles of dispersants. One is electrostatic stability, that is,
after polar molecules are adsorbed on the surface of nanomaterials, nanomaterials carry
the same charge, thus repelling each other and achieving electrostatic balance [35]. The
other principle is the steric hindrance stabilization mechanism, which is mainly applicable
to many non-polar polymers. The stabilization mechanism means that the hydrophobic
(hydrophobic) group of the polymer is adsorbed on the surface of the nanoparticles and the
hydrophilic (hydrophobic) group is suspended in polar (nonpolar) solvents to maintain a
good dispersibility of nanoparticles in the matrix phase. The approaching of two nanopar-
ticles compresses the polymer adsorption layer and decreases the number of polymer
molecular chain configurations and the configuration entropy. This leads to the increased
free energy of the system, thus resulting in repulsive potential energy. Moreover, the con-
centration of polymer within the overlapping area is increased due to the interpenetration
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and overlapping of adsorption layers, and the repulsive potential energy is generated by
the formation of osmotic pressure, thus dispersing the nanomaterials [36].

2.2.2. Chemical Methods

Chemical methods to enhance the dispersion effect of nanomaterials typically involve
two approaches: first, the preparation of nanomaterials in the dispersion medium, and
second, the modification of the surface of nanomaterials. The former method is often
limited by the characteristics of the dispersion medium and is applicable in relatively
few scenarios. The latter, however, is currently the most significant means of modifying
nanomaterials [37].

The surface treatment of nanoparticles involves introducing functional groups onto
the surface of nanomaterials through chemical processes. These functional groups are
often compatible with the dispersion medium, facilitating the improved dispersion of
nanoparticles within it [38,39].

(1) Coupling agent method

The coupling agent method stands as the most widely employed approach for surface
treatment. This method operates on the principle that ionic groups and small molecular
substances, formed after the hydrolysis of coupling agent molecules, interact with the hy-
drogen bonds and hydroxyl groups present on the surface of nanoparticles. This interaction
leads to alterations in the surface properties of the nanoparticles [40].

Let us take silane coupling agent (SCR) as an example. Silane coupling agent is
the most commonly used modifier to modify the surface of nano-metal oxides and is
an organosilicon compound with the general formula of (X-(CHjy)»-5Si-R3) [41]. Figure 2
shows the principle of grafting the silane coupling agent APTES onto ZnO nanoparticles.
The nanoparticles’ surface naturally contains hydroxyl (-OH) groups due to oxidation,
facilitating the formation of hydrogen bonds with the silane group of the coupling agent.
Alternatively, the binding process can involve initially attaching the X group in the SCA (e.g.,
the amine group in APTES) to the nanoparticle surface via hydrogen bonding. Typically,
the coupling agent on the surface can be fixed through aging or heat treatment. The
resulting interface comprises a blend of hydrogen bonds, ionic bonds, and covalent siloxane

bonds [42].
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Figure 2. Principle for grafting silane coupling agent APTES onto ZnO nanoparticles [42]. Reprinted /
adapted with permission from Ref. [42]. Copyright 2011 Springer Nature.
(2) Esterification modification

The esterification reaction involves the reaction of metal oxide with alcohol. This reac-
tion is utilized to modify the surface of nanoparticles, converting the original hydrophilic or
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hydrophobic surface to one that is hydrophilic or hydrophobic. This surface functionaliza-
tion is crucial for practical applications. The esterification reaction is particularly effective
in modifying the surfaces of nanoparticles with weakly acidic or neutral characteristics,
such as SiO,. Additionally, carbon nanoparticles can also undergo surface modification
through esterification [43].

(3) Polymer grafting method

An alternative approach to functionalize nanoparticles involves grafting polymers
onto their surface. Compared to other treatment methods, polymer grafting offers the
advantage of achieving a more uniform surface modification. Furthermore, this method
allows for the alteration or introduction of various surface properties by selecting suitable
monomers to graft different chemical functional groups onto the particles.

The grafted polymers, sometimes referred to as “polymer dispersants”, vary in molec-
ular weight. To prevent particle aggregation, the length of the polymer chain must be
optimized. A short polymer chain may not provide a sufficiently thick barrier to overcome
attractive van der Waals forces, while a long polymer chain can lead to particle bridging
and flocculation [44].

3. The Effect of Nano-Modification on the Thermophysical Properties of PCMs
3.1. Thermal Conductivity

Nanomaterials exhibit excellent thermal conductivity, leading many scholars to believe
that combining them with materials of poor thermal conductivity can enhance overall
thermal conductivity [45,46]. Additionally, nanoparticles possess a large specific surface
area, effectively increasing the heat exchange area compared to conventional modification
methods such as fins [47].

The addition of nanomaterials generally enhances the thermal conductivity of phase
change materials (PCMs). However, the factors influencing the thermal conductivity of
PCMs modified by different types of nanoparticles vary. The following section will discuss
the impact of various nanoparticles on the thermal conductivity of PCMs.

3.1.1. Nano Metal

It is well known that metals are excellent conductors of heat. Among metals, silver
has excellent thermal conductivity; its thermal conductivity is about 430 W /(m-K), which
is close to that of gold and copper. However, silver and gold are very expensive and also
highly active and easy to oxidize. Copper is low-cost and offers advantages over silver
and gold in many applications. In recent years, these metals have been processed into
nanomaterials to modify PCMs, yielding good results.

Al-Shannagq [48] used a nano-thick Ag shell to increase the thermal conductivity “k” of
PCM by 1168%. The microstructure of the nano-Ag shell and the thermal conductivities of
the microencapsulated PCM are shown in Figure 3a,b, respectively. The thermal conduc-
tivity of the shell of the microcapsule PCM was poor, hindering its performance in heat
transfer and energy storage. To improve the thermal conductivity (kk) of the microencap-
sulated PCM, a metal shell was used to cover the microcapsules by activating the surface
of multiple metals and applying electroless plating. The effectiveness of this modification
method depended on the area of the metal shell and whether the nano-scale metal shell
outside the microcapsule could form a thermal conduction path. The heat conduction
performance was greatly improved once the thermal conduction path was established.

Deng et al. [49] prepared nano-silver wires (AgNWs) and introduced them into the
expanded graphite-PCM composite, using the nano-silver wires to create a heat conduction
path. Figure 3c shows an SEM image of the AgNWs. The study found that using silver
nanowires with lengths of 5 to 20 pm and diameters of 50 to 100 nm could greatly improve
the thermal conductivity of composite PCMs, as shown in Figure 3d. This approach in-
creased the thermal conductivity by 10.3 times. Zeng et al. [50] developed silver nanowires
to prepare silver-doped PCM nanocomposites. Using AgNWs, the thermal conductivity
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was increased by 356% to 380% with the addition of 45 wt% AgNWs. Additionally, the
thermal conductivity could be enhanced by two to three times in graphene-doped PCM.
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Figure 3. (a) SEM image of nano-Ag shell (The scale represents 20 um), (b) thermal conductivities
of nanocapsules with different diameters [48], (c) SEM image of the AgNWs, and (d) the measured
and predicted thermal conductivities of the composite form-stable PCM [49]. Reprinted /adapted
with permission from Ref. [48]. Copyright 2016 Elsevier. Reprinted /adapted with permission from
Ref. [49]. Copyright 2016 Elsevier.

Although silver nanomaterials have excellent properties and achieve great modifica-
tion effects, their high price makes them difficult to popularize. Copper nanomaterials,
on the other hand, are relatively low-cost. Various nanowires and nanoparticles made
of copper are mixed into the preparation of composite PCMs, significantly improving
their thermal conductivity. Shah et al. [51] used Cu nanowires to improve the thermal
conductivity of PCM. By adding 0.17 wt% copper nanowires, the thermal conductivity of
calcium chloride hexahydrate could be increased by 160%. Molefi et al. [52] used copper
nanoparticles to increase the thermal conductivity of paraffin PCM by 70%. As the content
of the copper nanoparticles increased, the thermal conductivity of the paraffin increased
almost linearly. Tang et al. [53] studied the increase in the thermal conductivity of a com-
posite form-stable PCM doped with copper nanoparticles, with PEG embedded in SiO,.
Compared to pure PCM, a 38.1% increase in thermal conductivity was achieved by adding
only 2.1 wt% copper nanoparticles.

3.1.2. Nano-Metal Oxide

Metal oxides, such as aluminum oxide and copper oxide, exhibit good thermal con-
ductivity. While their thermal conductivity may be lower compared to that of pure metals
and alloys, metal oxides offer advantages such as stable chemical properties, lower cost,
and reliable performance. Consequently, metal oxides have been extensively researched
as substitutes for pure metals. Babapoor et al. [54] used SiO;, Fe;O3, Al,O3, and ZnO
nanoparticles to increase the thermal conductivity k of PCMs by 144%, 144%, 110%, and
110%, respectively. Through experiments, they concluded that Al;O3 and Fe;O3 nanoparti-
cles played the most significant role in improving the thermophysical properties of PCM
based on paraffin.
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Sharma et al. [55] studied the heat storage performance of synthetic TiO, nanoparticle-
modified palmitic acid (PA) composites. Figure 4a,b show the microstructure and FI-IR
spectra of nano TiO,-modified PCMs, respectively. The thermal conductivity of the PCM
composite was improved by 80% after being modified with nano-TiO,. The research also
indicated that the modification effect had a linear relationship with the quantity of nano-
TiO, added. However, when nano-TiO; was over-doped, it tended to agglomerate, leading
to an inability to achieve the desired modification effect.
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Figure 4. (a) FESEM image of nano TiO,-modified PCMs, (b) FT-IR spectra of nano TiOp-modified
PCMs [55], (c) SEM image of nano TiO; particle foam with carbon shell, and (d) thermal conductivities
of the composite PCMs [56]. Reprinted/adapted with permission from Ref. [55]. Copyright 2016
Elsevier. Reprinted /adapted with permission from Ref. [56]. Copyright 2016 Elsevier.

Li et al. [56] synthesized porous TiO, foam through micro lotion technology, and
burned it off after absorbing sucrose to solidify a layer of carbon shell on the surface of
porous foam. Figure 4c shows a SEM image of nano TiO; particle foam with a carbon shell.
Compared with traditional TiO,, its thermal conductivity increased by 43.2%. The thermal
conductivity of paraffin PCM was increased by 404% using carbon shell TiO, nanoparticle
foam, as shown in Figure 4d.

Sahan [57] synthesized nano-magnetite composites and dispersed them within paraffin
PCM. Nano-Fe;04 was prepared by low-cost sol-gel technology and mixed into paraffin
at ratios of 10 wt% and 20 wt%. Fe;O, nanoparticles with a diameter of 40-70 nm were
prepared by sol-gel technology using ferric chloride hydrate ((FeClz-6H,0, FeCl,-4H,0),
dilute hydrochloric acid, and ammonia), and oleic acid was used to cover the surface to
reduce particle aggregation. Iron oxide nanoparticles could be uniformly dispersed in
the paraffin matrix. The k value increased by 48% and 60%, respectively, when 10 wt%
and 20 wt% nano-magnetite were added. The research proved that incorporating nano-
magnetite particles into PCM is an efficient and economical method to enhance thermal
conductivity.

Jiang et al. [58] used nano Al,O3 to modify phase change microcapsules through
lotion polymerization. The thermal conductivity of PCM microcapsules increased from
0.245 W/m-K to 0.38 W/m-K (an increase of 55%), and the k value of PCM microcapsules
was greatly improved. Experimental data showed that the addition of nano Al,O3 was
almost proportional to the enhancement of thermal conductivity.
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3.1.3. Carbon Nanomaterials

Carbon materials possess the greatest thermal conductivity, which is well over that of
metals and metal oxides. The thermal conductivity of carbon nanotubes, graphene, and
graphite is about 5-fold higher than that of silver. As the synthesis of carbon nanomate-
rials is becoming easier, research on using carbon nanomaterials to improve the thermal
conductivity of PCMs is also increasing. Carbon nanomaterials commonly used for the
modification of PCMs include carbon nanotubes [59], graphene [60], graphene oxide [61],
carbon nanofibers [62,63], etc.

Ji et al. [64] proved that the thermal conductivity of PCM doped with 1.2 vol% of
connected ultra-thin graphite foam (UGF) could be increased by 18 times, and the specific
heat of melting or melting temperature did not change significantly. Graphite foam is
composed of ultra-thin graphite; it has better thermal performance and thermal response
and the thermal conductivity of this nanomaterial is greater than that of solid metal and
carbon foam.

Shi et al. [65] increased the thermal conductivity of paraffin wax by 1000% using
flake graphite nanoflakes (xGnP) and increased the thermal conductivity of paraffin wax
by 100% using graphene. The thermal conductivity of paraffin PCM with a stable shape
could be improved by adding xGnP and graphene. A small amount of xGnP and graphene
could be used together as a low-cost enhancer to enhance heat dissipation. Praveen
et al. [66] employed nano-sheet graphene with a thickness of 5 to 20 nm to improve the
thermal conductivity of microencapsulated polyurethane—paraffin. Figure 5a,b show the
microstructure and DSC curves of graphene-modified microencapsulated polyurethane—
paraffin PCM. Adding 3 wt% nano-particles improved the thermal conductivity of the PCM
by 97.4%. Oya et al. [67] dispersed exfoliated graphite into erythritol to form a composite
PCM, by which the thermal conductivity of the PCM increased by 540%. Cui et al. [68] used
carbon nanofibers (CNFs) to increase the thermal conductivity of soybean wax PCM by 44%.
Through multiple experiments, it was found that the modification effect was approximately
linear to the amount of CNF. By comparing the modification effects of multi-walled carbon
nanotubes and CNFs, it was found that CNFs had certain advantages in enhancing the
thermal conductivity of paraffin PCMs.

An Artificial Neural Network (ANN) and Response Surface Method (RSM) were
presented to develop a model for predicting the thermal conductivity of carbon-based
nano-enhanced phase change materials (NEPCMs) based on 482 experimental samples
collected from various datasets. The ANN featured a multi-layered feed-forward structure
and employed the Levenberg-Marquardt back-propagation algorithm, with one hidden
layer containing eight neurons. The architecture of the ANN model is shown in Figure 5c.
According to Figure 5d,e, it is noteworthy that at a 10% concentration and with a tempera-
ture range from 10 °C to 90 °C, the thermal conductivity changes of the nano PCM in the
liquid phase were considerably higher than those in the solid phase [69].

In general, prediction methods for the thermal conductivity of nano-enhanced phase
change materials (PCMs) based on artificial intelligence (Al) are a future development
trend. Al predictions can more efficiently screen nanomaterials, optimize doping levels,
and develop potential hybrid and novel nanomaterials, thereby significantly enhancing the
thermal conductivity of phase change materials.
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Figure 5. (a) SEM image of graphene-modified microencapsulated polyurethane—paraffin PCM (The
scale represents 20 um), (b) DSC curves of graphene-modified microencapsulated polyurethane—
paraffin PCM [66], (c) design of the developed ANN model, (d) three-dimensional plot illustrating the
thermal conductivity of NEPCM in the solid phase as a function of temperature and concentration,
and (e) three-dimensional plot depicting the thermal conductivity of NEPCM in the liquid phase as a
function of temperature and concentration [69]. Reprinted /adapted with permission from Ref. [66].
Copyright 2019 Elsevier. Reprinted /adapted with permission from Ref. [69]. Copyright 2023 Elsevier.

3.2. Latent Heat
3.2.1. Influence Principles

The properties of nanomaterials are excellent; they have good thermal and chemical
stability and their melting point is usually much higher than the phase transition point
of PCMs. In addition, nanomaterials usually have high thermal conductivity; the specific
heat capacity is also very low and the sensible heat storage capacity is almost negligible.
Therefore, when nanomaterials are mixed into PCM systems, it can be considered that the
nanomaterials themselves have no heat storage capacity, which often leads to the formation
of nanoparticle-PCM composites with lower latent heat than pure PCMs [21].

However, in essence, the generation of the latent heat of PCMs is the heat that needs
to be absorbed when they overcome intermolecular forces during melting. Therefore,
theoretically speaking, when nanomaterials are doped into a PCM system, if there is
enough interaction between them, the PCM needs to overcome its own intermolecular
force and also the interaction between nanomaterials in the phase change process, thus
showing a greater latent heat value [70]. However, so far, there is still controversy about
the influence of nano-modification on the latent heat of PCMs. Scholars often produce
different results by different processes even though they use the same kind of materials.
The following is a list of the effects of different types of nanomaterials on the latent heat
of PCMs.

3.2.2. Carbon Nanomaterials

There are two types of intermolecular attraction: one is the short-distance force acting
when the distance between the molecular centers is less than or equal to 3A and the other
is the long-distance force acting when the distance is larger. Generally, the short-range
force is repulsive, while the long-range force or van der Waals force is attractive if there
is no chemical interaction between molecules [71]. The chemical potential energy in the
weak van der Waals attraction in the ionic bond and covalent bond is called the latent
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heat of the material. During the solid-liquid phase transition, the absorbed heat energy is
employed to overcome the weak attraction between molecules, rather than the temperature
rise. This energy destroys the solid bond, leaving energy related to the liquid intermolecular
force [72].

Therefore, if the interaction between nanomaterials and PCMs is greater than that
between PCMs, the latent heat will increase. According to this theory, the latent heat of
PCMs is easy to change when the concentration of nanoparticles is high and the specific
surface area is large [73].

Recently, many scholars have found that adding carbon nanotubes into PCMs causes
changes in latent heat. Shaikh et al. [74] studied the effects of SWCNTs (single-walled
carbon nanotubes), MWCNTs (multi-walled carbon nanotubes), and CNFs on the phase
transition behavior of paraffin and found that the maximum latent heat of paraffin-SWCNT
composites increased by 13%. Based on the Lennard-Jones potential, the paper discussed the
change of latent heat using the approximate value of intermolecular gravity and obtained
the relationship between the change of latent heat and the diameter of carbon nanotubes.
The study found that the latent heat of PCMs was roughly inversely proportional to the
diameter of carbon nanotubes, which may be related to the stronger interaction between
carbon nanotubes and PCMs when the diameter of carbon nanotubes is lower.

Karaipekli et al. [75] summarized the following (Table 1) through experiments. It can
be seen from Table 1 that the increase in carbon nanotube content aggravates the loss of
latent heat.

Table 1. Change of latent heat of different types of PCMs [75].

Heating Cooling
Material Melting Melting Crystallization Crystallization
aterials Temperature Latent Heat Temperature Latent Heat
(@) (J/g) (@) (J/g)

C20 36.18 27591 32.92 268.13
ExP/C20 (60%) 36.12 161.18 34.32 155.26
ExP/C20 (60%)/Carbon nanotubes (0.3 wt%) 36.24 160.38 34.32 155.26
ExP/C20 (60%)/Carbon nanotubes (0.5 wt%) 36.34 159.02 35.55 145.92
ExP/C20 (60%)/Carbon nanotubes (1 wt%) 36.47 157.43 35.53 141.15

3.2.3. Nano-Metal and Metal Oxide

There are different results on the influence of metal and metal oxide nanomaterials on
latent heat. Elbahjaoui and Hamid El Qarnia [76] added 2-8 vol% copper nanoparticles to
n-octadecane, and the results showed that the presence of nanoparticles increased the latent
heat. They made an analysis of the latent heat release of PCMs, but did not explain the
mechanism of nanomaterials increasing the latent heat of n-octadecane. Rufuss et al. [77]
added 3 wt% TiO,, CuO, and GO into a paraffin material, respectively. The research showed
that GO could reduce the latent heat, but CuO and TiO; nanoparticles increased the latent
heat. They attributed the change of latent heat to the surface charge state of nanoparticles,
the delamination in the liquid—-solid phase, and the mechanism of phonon motion.

However, Praveen et al. [78] added 0.5~3% weight of CuO nanoparticles to neopentyl
glycol (NPG), and the enthalpy decreased by 3.1 to 9.6%. The experiment found that the
increase in the weight ratio of CuO nanoparticles led to a decrease in the latent heat value
of the composite sample. Ho and Gao [79] also found that compared to pure paraffin,
the enthalpy of paraffin nanoparticle emulsions decreased significantly with increasing
mass fractions of nanoparticles when modified with alumina nanomaterials. For paraffin
containing 5 wt% and 10 wt% nanoparticles, the melting latent heat decreased by more
than 7% and nearly 13%, respectively. Zeng et al. [80] also found that the latent heat of
composite PCMs decreased with the increase in the mass fraction of Cu nanowires when
using Cu nanowires to modify tetradecanol, and they believed that the loss was acceptable.
Salyan and Suresh [81] also observed that the latent heat of PCMs decreased linearly with
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an increase in the mass fraction of nano-copper oxide when they modified D-mannitol with
nano-copper oxide.

Zakir Khan et al. [82] conducted a detailed evaluation of heat transfer in a composite
PCM latent heat storage system based on nano-metal oxides. Figure 6a,b display the total
enthalpy of nano-PCMs with different types of metallic oxides, while Figure 6¢ illustrates
the enthalpy contours of nano-PCM samples with a 5% volume percentage of metallic
oxides after charging for 25 min. It was observed that nano-PCM samples based on
Al,O3, MgO, and TiO; consistently exhibited higher total enthalpy, ranging from 297.8 to
291.2 kJ/kg. However, when compared with the base paraffin, their latent heat decreased,
with the percentage of total enthalpy decreasing from 3.12% to 5.27%. Conversely, the
total enthalpy of the nano-PCM composites with 3 vol% and 5 vol% Gd,O3 decreased by
24.53% and 35.78%, respectively. The thermophysical properties of nanoparticles, such as
density, thermal capacity, and thermal conductivity, had a significant impact on the total
enthalpy of the PCM composite. Metal oxide nanoparticles with lower density and greater
thermal conductivity and heat capacity were considered optimal alternatives for improving
the enthalpy.
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Figure 6. Total enthalpy of nano-PCM with 5 vol% (a) and 3 vol% (b) of different types of metallic
oxides and (c) enthalpy contours of nano-PCM samples with 5 vol% metallic oxides after charging
for 25 min [82]. Reprinted/adapted with permission from Ref. [82]. Copyright 2019 Elsevier.

Sahan et al. [57] utilized nano-magnetite to modify paraffin PCM, and the results
showed that the latent heat of composite PCMs with 10% and 20% nano-magnetite increased
by 3.3% and 8.8%, respectively, compared with pure paraffin. The slight increase or
unchanged latent heat storage capacity of nano-composite PCMs could be attributed to the
large surface-to-volume ratio of the nanomaterials. This effect can be explained using an
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approximation of the intermolecular attraction from the Lennard-Jones potential between
nanoparticles and paraffin.

3.3. Specific Heat Capacity

The main factors influencing the specific heat capacity of different types of PCMs in
various states differ. For instance, in crystalline PCMs such as hydrated salts, the specific
heat in the solid state is related to the interfacial thermal resistance within the crystals.
This resistance mainly occurs between the grains, meaning that the number of grains in
PCMs partially reflects their specific heat capacity. When nanomaterials are introduced,
they can produce more grains during crystallization, thereby increasing the specific heat
capacity [83,84]. However, for some amorphous PCMs, the introduction of nanomaterials
is equivalent to incorporating materials with lower specific heat. In this case, the specific
heat of the composite should be calculated based on the density and specific heat of the
materials [85]. In general, the specific heat of composite PCMs prepared by modifying
organic PCMs with nanomaterials is lower than that of pure PCMs.

Shin and Banerjee [86] studied and discussed the specific heat capacity of a chloride salt
eutectic and its nanofluid obtained by adding 1 wt% SiO, nanoparticles. The SEM image of
the 5iO; nanofluid before melting is shown in Figure 7a. It was found that the specific heat
of the composite phase change material increased by 14.5% compared with the pure chloride
salt eutectic, which was significantly higher than the measurement uncertainty of 2—4%.
Based on this phenomenon, they proposed three independent heat transfer mechanisms to
explain the increase in specific heat capacity, as shown in Figure 7b—d.
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(High surface energy)

WD 9.3mm 5:31:20

Higher mean free path
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Interfacial interaction
G (Energy storage)

J'\

distance

Figure 7. (a) SEM image of SiO, nanofluid before melting and (b—d) three types of thermal transfer
mechanisms [86]. Reprinted /adapted with permission from Ref. [86]. Copyright 2011 Elsevier.

(1) The specific heat capacity was increased because of the higher specific surface
energy (compared to ordinary materials) of nanoparticles. (2) Due to the high specific
surface area of nanoparticles, the interface interaction (such as interface thermal resistance)
was enhanced. (3) There may have been semi-solid layers adhered to nanoparticles, which
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may have enhanced the specific heat capacity (compared to the higher intermolecular
spacing in the control liquid material) due to their small intermolecular spacing, similar to
the lattice structure on the surface of nanoparticles.

Chieruzzi and Cerritelli [87] studied the effects of three different nanomaterials on the
thermal properties of molten salt PCMs. They concluded that the most likely mechanism
leading to the increase in specific heat was the semi-solid layer formed by PCMs on the
surface of nanoparticles. The specific heat of the nanofluids increased because the semi-
solid layer exhibited greater thermal properties than other liquids. Dudda et al. [88]
found that the specific heat of a binary nitrate eutectic increased with the incorporation of
nanoparticles. They observed a reticular nano layer within the composite doped with 10
nm nanoparticles, which showed the most significant improvement in specific heat.

Rufuss et al. [77] added 3 wt% TiO, and CuO to paraffin and found that the specific
heat capacity decreased. They believed that the low specific heat capacity of the nanoma-
terials used led to the reduction of the specific heat of the nano-composite PCM. He [89]
suspended TiO; nanoparticles in a saturated BaCl, aqueous solution, developing a new
type of nanofluid PCM. During the experiment, they observed a decrease in specific heat
resulting from the inclusion of nanoparticles. They identified two primary reasons for this
phenomenon. Firstly, the specific heat of the nanoparticles influenced that of the compos-
ites. Secondly, the significant contribution of surface free energy to the system capacity,
attributed to the large specific surface area of nanoparticles, also affected the specific heat
of the composites. Tao and Liu et al. [90] demonstrated a contradictory result in the effect
of carbon nanomaterials on the thermal storage performance of carbonate. Despite causing
a reduction in latent heat, the nanomaterial additive improved specific heat and enhanced
sensible heat storage capacity. This phenomenon was attributed to the high specific heat of
the multi-walled carbon nanotubes used.

Liu et al. [91] studied the effect of nano titanium oxide on the specific heat capacity
of hydrated salt PCMs. Figure 8a,b show the relative specific heat capacity of EHS and
EHS/TiO,-P25 nanofluids in the liquid state and solid state, respectively. It can be seen
from Figure 8 that the specific heat capacity of EHS was significantly improved after
adding TiO,-P25 nanoparticles to EHS. Compared with pure EHS, the specific heat capacity
of 0.3 wt% TiO,-P25 nanoparticles in the solid state at 23.5 °C increased by 83.5% and
reached 3.368 J/g-K. In order to explain the mechanism of specific heat capacity increase,
Liu et al. [91] analyzed the optical microstructure of EHS and EHS/TiO;-P25 nanofluids
containing 0.1 wt%, 0.3 wt%, and 0.5 wt% of TiO,-P25 nanoparticles. It can be seen from
Figure 8c—f that with the increase in the TiO,-P25 nanoparticle content, the microstructure
of EHS/TiO,-P25 nanofluids gradually went from rough to smooth, which was a process
of grain refinement. The specific heat of solid crystalline materials depends on the interface
thermal resistance. Moreover, greater interface thermal resistance increases the specific
heat. Because the interface thermal resistance is generated by the interface between grains,
it is not difficult to understand that for crystalline materials with a smaller grain size, the
interface thermal resistance will be significantly improved due to the increase in interfaces.

The impact of SiO; nanoparticles on the specific heat capacity (SHC) of molten salt
was explored using the molecular dynamics (MDs) method, and the intrinsic mechanism
behind the change in SHC was elucidated from a microscopic perspective. The research
flow chart is illustrated in Figure 9a. A SiO, supercell was created based on the original
cell, and the desired spherical nanoparticle atomic cluster was extracted from the supercell.
NayCOj3 and K,CO3; molecules were randomly distributed in the box at a molar ratio
of 58:42, as depicted in Figure 9b. The densities of molten carbonate salts with varying
nanoparticle concentrations were computed to verify the reliability of the simulated system,
shown in Figure 9¢,d. A parameter, Fb, was defined in the study to reflect the effect of the
interaction between the nanoparticles and PCM on SHC. The reduction in the Fb value
with increasing nanoparticle loading indicated an enhanced interaction, with the most
significant interaction observed at a nanoparticle loading of 0.2 wt% [92]. The study offered
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a crucial theoretical approach to understanding the mechanism by which nanoparticles
influence the specific heat capacity of phase change materials.
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Figure 8. Relative specific heat of EHS and EHS/TiO,-P25 compared to sapphire (a) in solid state and
(b) liquid state [91] and optical micrographs of (c) EHS, (d) EHS/TiO,-P25 (0.1 wt%), (e) EHS/TiO;-
P25 (0.3 wt%), and (f) EHS/TiO,-P25 (0.5 wt%) in solid state [91]. Reprinted /adapted with permission
from Ref. [91]. Copyright 2017 Elsevier.
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Figure 9. (a) The research process diagram, (b) structural arrangement of molten salt-based nanocom-
posite phase change materials, (c) calculated and simulated density values of NPCMs, (d) changes
in the total energy of the NPCM system with temperature, and (e) evaluation of interaction effect
indicators on the SHC of NPCMs [92]. Reprinted /adapted with permission from Ref. [92]. Copyright
2023 Elsevier.
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4. Medical Applications of Nano-Modified PCMs

Nano-PCMs utilized in biological medical applications often require a high latent
heat of fusion and low melting temperatures, alongside low toxicity. Materials like stearic
acid (SA), palmitic acid (PA), myristic acid (MA), capric acid (CA), and lauric acid (LA)
are emerging as promising, abundant, and cost-effective candidates for various medical
applications, given their favorable properties and versatility [26]. These applications
include tissue engineering, drug delivery [93], healthcare [94], and medical dressing [95],
among other uses.

Zhang et al. [96] conducted research on the application of PCMs in bone tissue engi-
neering. They innovated a novel form-stable PCM embedded in a hydrogel scaffold for
precise temperature control during photothermal therapy. Polyethylene glycol (PEG) hy-
drogel scaffolds (PHSCs) were synthesized via semi-crosslinking with calcium-ion-chelated
sodium alginate (SA) as the framework, utilizing an ion coordination crosslinking method,
and the synthesis mechanism is shown in Figure 10d. The integration of 0.5 wt% graphene
oxide (GO) improved the microstructure (Figure 10a) and enhanced the thermal properties
of the nano PCMs, exhibiting a high thermal energy storage capacity of 100.0 J/g, with a
satisfactory latent heat recovery of 93.3%, and an ideal phase change temperature of 42.2 °C
(Figure 10b). Additionally, the addition of PEG1500 significantly buffered the heating rate
around 42 °C, which is conducive to bone formation, as shown in Figure 10c.
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Figure 10. (a) Microstructure, (b) thermal properties, and (c) temperature control performance
of PHSC with 0.5 wt% GO content and (d) synthesis mechanism diagram of GO-PHSC [96].
Reprinted /adapted with permission from Ref. [96]. Copyright 2024 Elsevier.

Nano-PCMs with melting temperatures close to the human body temperature are
ideal for delivering thermo-sensitive medicines. Certain drugs are only released at specific
temperatures, and PCMs can be used to achieve drug release by generating particular
temperatures within the body. Additionally, PCMs can control the rate and quantity of drug
release through slight temperature variations. This enables the drug to undergo therapeutic
treatment on affected tissues over a specific period at a predetermined rate [8]. A drug
delivery system based on PCMs holds significant promise for enhancing the effectiveness
of chemotherapy, reducing side effects, and improving biosafety. PCMs act as “gatekeepers”



Nanomaterials 2024, 14, 1126

17 of 28

in the development of such drug delivery systems, responding to temperature changes.
When combined with photo-thermal conversion agents such as metal nanoparticles and
carbon nanoparticles, PCMs can lead to the creation of a nanoscale release system. Gold
nanoparticles, in particular, have garnered significant attention due to their high energy
conversion efficiency and biocompatibility [97].

In a previous study, precious metals with a hollow nanostructure, such as gold
nanocages (AuNCs), emerged as promising nanocarriers. Researchers successfully ad-
dressed the challenge of packaging both hydrophilic and hydrophobic drugs synergistically
by incorporating organic PCMs containing anticancer drugs into the hollow interior of
AuNCs [98,99]. For example, Xia et al. [100,101] successfully incorporated various thera-
peutic agents, including anticancer drugs such as DOX and H;SeO3, into organic PCMs.
Following efficient loading, these PCMs were further encapsulated within the interior
of gold nanocages (AuNCs). Serving as the shell of the nanodrug carrier, AuNCs also
functioned as photothermal transducers, capable of absorbing near-infrared (NIR) light
and converting it into heat. The therapeutic agents loaded onto AuNCs were typically
pre-released, eliminating them before accumulating at the tumor site. The introduction
of PCMs with melting points of around 40 °C allowed these potent therapeutic agents to
maintain their excellent therapeutic activity prior to reaching the targeted lesion. Addition-
ally, researchers modified AuNCs to enhance the precision of targeted therapy. The surface
modification of nanoscale drug carriers with targeting ligands proved to be an effective
strategy for increasing the accumulation of nanocarriers in the specified target region [102].

As a biocompatible material, SiO, nanoparticles possess a structure that allows easy
modification by various functional groups. Moreover, these nanoparticles can undergo
self-removal from the human body. Consequently, nano-5iO, is considered an advan-
tageous modified material for enhancing the biocompatibility of PCMs [103,104]. For
instance, Qiu et al. [105] introduced a nanocapsule PCM based on nano-SiO;, serving as a
temperature-controlled drug release platform. The fabrication process of the nanocapsule
PCM is depicted in Figure 11a. The nanocapsule, featuring well-defined holes, was crafted
through site-selected deposition, and its nano-5iO, shell encapsulated a PCM derived from
fatty acid. This innovative approach resulted in the heightened stability and improved
biocompatibility of the drug carrier system.

Silver ions have the ability to establish robust binding bonds with certain substances
utilized by microorganisms in their respiration, including molecules containing oxygen,
sulfur, and nitrogen. This interaction prevents microorganisms from utilizing these sub-
stances, leading to their asphyxiation and eventual demise [106]. The utilization of silver
ions for modifying phase change materials (PCMs) imparts antibacterial properties to the
PCMs, thereby extending the clinical applications of these materials.

Zhang et al. [107] innovatively synthesized a microcapsule featuring an n-eicosane
PCM core and a silver/silica double-layered shell. The manufacturing process involved
the interfacial condensation of silica precursors with thiol groups in a non-aqueous emul-
sion templating system. Subsequently, silver ions were reduced and deposited onto the
surface of the silica shell of the microcapsules. This microcapsule demonstrated notable
antibacterial activity, particularly against Staphylococcus aureus and Bacillus subtilis. Im-
pressively, the sterilization rate surpassed 95% after a 4-h contact period with these bacteria
(as illustrated in Figure 11b). The integration of PCM with silver nanoparticles in a medical
thermostatic bandage has proven effective in mitigating the risk of wound inflammation
and infection caused by high temperatures in summer. This application plays a pivotal role
in positively influencing the wound-healing process for patients [108].
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Figure 11. (a) Schematic representation of the encapsulation of PCM within nanocapsules featuring an
open pore for the temperature-regulated release of drugs [105]. (b) Illustration of the synthetic strategy
for multifunctional microcapsules with an n-eicosane core and a silver/silica double-layered shell.
The survival rates of various bacteria are presented as a function of contact time for the silver/silica
double-layered microcapsules obtained with an 8-h reaction time [107]. Reprinted/adapted with
permission from Ref. [105]. Copyright 2019 John Wiley and Sons. Reprinted /adapted with permission
from Ref. [107]. Copyright 2016 Elsevier.

At present, there are no commercially available phase change materials (PCMs) for
cancer treatment, although some formulations are in the early stages of clinical trials,
showing promising development trajectories. PCMs have extensive applications in the
textile industry, where they serve as encapsulating materials or fibers that absorb and
release heat based on body and environmental temperatures, preventing sweating and
freezing. Textiles endowed with thermal storage and temperature control characteristics
can maintain skin temperatures within a comfortable range, making them suitable for
use as bandages in burn and cold /heat treatments. The incorporation of PCM with silver
nanoparticles in medical thermostatic bandages has demonstrated efficacy in reducing the
likelihood of wound inflammation and infection during high temperatures in summer,
thereby positively contributing to the wound-healing process of patients [108]. Additionally,
fabrics treated with polyethylene glycol (PEG) are utilized in hygiene products such as
diapers and incontinence products. These fabrics offer a combination of fluid delivery and
antimicrobial properties, making them highly desirable for maintaining cleanliness and
comfort [109].

Chen et al. [9] engineered a multifunctional mask incorporating CNT and PEG. The
porous framework of a CNT-based aerogel functioned as a particulate catcher, while the
CNT-based aerogel/PEG composite served as a thermal regulator. This mask facilitated
the delivery of air at temperatures ranging from 40 to 43.5 °C into the nasal cavity for 30
min. Notably, in the thermotherapeutic group, there was a significant decrease observed in
nasal secretion eosinophils.

In another work [110], advanced PCM composites were developed, exhibiting ex-
cellent encapsulation properties, superior solar-to-thermal conversion efficiency, and a
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shape memory function. This was achieved by incorporating MXene-coated melamine
foam (MF@MXene) into PEG. The resulting MF@MXene/PEG composites demonstrated
impressive attributes such as a high dimension retention ratio (90%) and significant phase
change enthalpy (194.1 ] /g). Enhanced light absorbance was achieved in the PCM com-
posites through the addition of a MXene scaffold, resulting in a remarkable solar energy
conversion efficiency of 92.7%. These light-responsive PCM composites showcased a light-
actuated shape memory function, achieving a nearly 100% shape recovery ratio. Moreover,
as depicted in Figure 12, the PCM composites were utilized as flexible heat eye patches,
forming a snug fit with human eyes and consistently providing thermal comfort within a
narrow temperature range.
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Figure 12. (a) Schematic diagrams delineate the composition and operational procedures of the
thermal eye patch. (b) Photographic representations demonstrate the excellent flexibility of the
thermal eye patch and its comfortable application on human eyes. (c) Infrared thermal images depict
the temperature variations during different stages of the thermal eye patch. (d) The temperature
evolution curve of the thermal eye patch is illustrated under both NIR light irradiation and when
turned off [110]. Reprinted /adapted with permission from Ref. [110]. Copyright 2021 Elsevier.

Medical dressings are vital for wound care, as they play a key role in creating an opti-
mal environment for healing. Maintaining a consistently warm temperature at wound sites
is crucial, as this can enhance blood flow and alleviate pain. Dressings with temperature-
regulating properties can help achieve this. Additionally, preventing wound infections is
essential for successful healing. This can be achieved through the use of dressings with
hemostatic properties to control bleeding, antibacterial coatings to inhibit microbial growth,
and controlled wet dressings to maintain an appropriate level of moisture for healing [111].
In a study by Zhang et al. [112], a thermosensitive drug-releasing fiber hydrogel dress-
ing was developed to expedite the healing of skin wounds. Nanofibrous hydrogels were
impregnated with fatty acids/aspirin (ASP)-based polydopamine (PDA), demonstrating
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a rapid release of ASP at a temperature of 40 °C. Results from animal experiments indi-
cated the favorable application of these temperature-responsive nanofibrous hydrogels
in wound care. To provide thermal compression dressings with multifunctionality and
applicability in various scenarios, flexible films were developed using paraffin (PF) as
a thermal energy storage medium, a styrene—ethylene/butylene—styrene (SEBS) triblock
copolymer as the matrix, and graphene as a photo-thermal conversion agent (Figure 13a).
The presence of PF/SEBS-like structures and lamellar graphene, shown in Figure 13c,d,
confirmed the successful integration of graphene into PF/SEBS. These films exhibited
remarkable flexibility and self-healing properties, making them suitable for different body
parts and reusable in practical applications, thus significantly reducing the cost of treating
chronic joint conditions. Both PF/SEBS and PF/SEBS-G3 could be freely bent and folded,
with PF/SEBS becoming transparent when heated, as shown in Figure 13b. This flexibility
ensured that the films conformed well to the skin during heat application. According to the
DSC curves in Figure 13e, the PF/SEBS-G3 film containing 77 wt% PF completely melted
at 52.22 °C, with a melting enthalpy of 157.26 ] /g. Experimental results in Figure 13f show
that the red dye spread throughout the composite after 35 h, indicating sufficient molecular
movement during the healing process. For PF/SEBS healed under pressure, fracture marks
began to fade within 1 h and disappeared completely by 5 h, whereas PF/SEBS relying
on self-healing still showed visible fracture marks after 35 h. Considering both healing
speed and effectiveness, the pressure-assisted healing method proved to be more efficient.
In summary, the PF/SEBS-G3 thermal patch demonstrates significant potential for thermal

therapy applications [113].
PF/SEBS 1

Vulkeanization
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Graphene
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Figure 13. (a) Schematic diagram showing the fabrication process of PF/SEBS and PF/SEBS-G, (b)
photographs demonstrating the bending and folding of PF/SEBS and PF/SEBS-GS3, (c,d) images of
the fracture surfaces of PF/SEBS-G3, (e) DSC curves depicting the melting process of various samples,
and (f) photographs illustrating the healing process of stained PF/SEBS [113]. Reprinted /adapted
with permission from Ref. [113]. Copyright 2024 Elsevier.



Nanomaterials 2024, 14, 1126

21 of 28

0 %
()% %

tetradecyl e

. ey .
he Phe o

Lauryl alcohol

decanoic acid

ion of thermocouple

Cold chain logistics are essential for preserving the integrity of temperature-sensitive
products like fresh produce, medications, and vaccines, thereby playing a crucial role in
maintaining human health and well-being [114]. Ensuring temperature stability throughout
the cold chain logistics process is complex, as products traverse through a labyrinth of
interconnected systems within the supply chain, each with its own unique set of conditions
and requirements [115].

A cold storage phase change material named tetradecane—dodecanol-decanoic acid
(TDDA) was developed specifically for maintaining the temperature range required for
medical and food logistics, which is between 0 and 8 °C. This material was composed of
tetradecane, capric acid, and dodecanol, as illustrated in the preparation mechanism shown
in Figure 14a. In Figure 14b, it is demonstrated that PCCSM containing 12% DA possessed a
higher latent heat of phase transition and achieved the desired transition temperature range
of 0 to 5 °C without encountering phase separation issues. The schematic diagram of the
cold storage box is presented in Figure 14c. By conducting experiments with the cold storage
box, the temperature fluctuations of vaccines were analyzed. The average duration of cold
preservation in the cold storage box employing TDDA /EG material was 37.8 h, which was
50.4 times longer than that of the cold box lacking TDDA, as depicted in Figure 14d [116].
In conclusion, TDDA /EG phase change cold storage materials exhibit promising prospects
for the storage of temperature-sensitive products in the vaccine cold chain.
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Figure 14. (a) Diagram illustrating the preparation mechanism, (b) diagram depicting the endothermic
curve of DSC, (c) schematic representation of a cold storage box, and (d) graph illustrating the
temperature variation in the cold storage box [116]. Reprinted/adapted with permission from
Ref. [116]. Copyright 2023 Elsevier.

In Table 2, we summarize the applications of PCMs in the medical field, including
types of PCMs, application scenarios, and specific descriptions.
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Table 2. Medical applications of PCMs.
PCM Application Description References
PCM embedded in hydrogel scaffold for
Polyethylene glycol (PEG) Tissue Engineering temperature control during [96]
photothermal therapy.

Lauric acid (LA)

Utilization of PCMs for precise
Drug Delivery temperature-controlled drug release, enhancing [98]
therapeutic efficacy.

N-eicosane PCM

Incorporation of silver-modified PCMs in
Antibacterial Dressings medical bandages for wound care, reducing [107]
infection risks.

Polyethylene glycol (PEG)

PCM-treated fabrics in hygiene products like
Hygiene Products diapers for moisture control and [109]
antimicrobial benefits.

Polyethylene glycol (PEG)

CNT-based aerogel /PEG composites in masks
Thermotherapy Masks for thermotherapy, offering relief from [9]
nasal conditions.

Polyethylene glycol (PEG)

Flexible PCM composites for thermal eye
Thermal Eye Patches patches, ensuring comfort and [110]
temperature control.

Fatty acids (FAs)

Temperature-responsive PCM hydrogel

Wound Healing Dressings dressings for promoting wound healing.

[112]

Paraffin

PF/SEBS-G3 films with graphene for thermal
Thermal Therapy Films therapy, featuring flexibility and [113]
self-healing properties.

Tetradecane—dodecanol-
decanoic acid (TDDA)

TDDA/EG PCM for maintaining temperature
Cold Chain Logistics stability in cold storage boxes during the [116]
transportation of vaccines and medical products.

5. Current Challenges and Future Trends

Based on the above analysis, the current challenges and future trends are marked as
follows. At present, the research on nano reinforcement mainly focuses on the improvement
of heat transfer performance, and shows excellent modification effects. However, the
influence mechanism of nanomaterials on latent heat and specific heat has not been fully
determined. It is worth noting that the effect of nanomaterials on the latent heat of PCMs
often shows opposite conclusions, but most of the studies show that the latent heat of
PCMs is reduced with increasing nanomaterial content. For PCMs used in thermal energy
storage systems, the latent heat mainly determines the thermal energy storage capacity, but,
in order to obtain higher efficiency of heat charging and discharging, it often causes the
partial loss of thermal energy storage capacity with the addition of nanomaterials. When
nanomaterials are used to modify PCMs, both high thermal conductivity and high heat
storage cannot be achieved at the same time. Considering the high price of nanomaterials,
the performance improvement of PCMs is not always positive when used. Therefore, we
need to focus on the pros and cons. In addition, in some research reports, nanomaterials
have also been used to improve the latent heat of PCMs, but the current conclusions cannot
provide a completely effective theoretical method to improve the latent heat of PCMs
or a perfect mechanism explanation. Therefore, the future research focus needs to pay
more attention to the summary of the work on nanomaterials to enhance the latent heat,
reveal its reinforcement mechanism, and improve the relevant theory to maximize the
use of nanomaterials to improve the thermophysical properties of PCMs. In addition, the
effectiveness of enhancing the specific heat capacity of PCMs using nanomaterials still
has room for improvement. Future research could focus on designing and optimizing
nanostructures to maximize their interface area with PCMs, thereby improving specific
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heat capacity. This may involve selecting and combining different types of nanomaterials
such as nanoparticles, nanowires, and nanosheets.

Through nanomaterial enhancement modification, the biocompatibility of PCMs can
be improved, reducing interactions with the biological system. In the design of a con-
trollable drug delivery system, the introduction of nanomaterials enables more precise
control over the drug release rate. By regulating the thermal properties of nanocompos-
ite PCMs, consideration is given to adjusting the temperature sensitivity, enhancing the
ability of PCMs to control temperature and release in complex physiological environments.
Exploring the modulation of the response properties of PCMs to external stimuli such as
temperature and light using nanomaterials can optimize response speed, sensitivity, and
controllability to meet the requirements of various biomedical applications. Utilizing nano-
material enhancement modification to achieve the multifunctional enhancement of PCMs,
including the integration of photothermal /magnetic hyperthermia treatment, bioimaging,
and other functions, should be considered. The incorporation of various nanomaterials can
be used to achieve a broader range of biomedical applications.

6. Conclusions

The concept of dispersing nanoparticles to enhance the thermal properties of PCMs
has gradually matured. However, the impacts of nanoparticles on the thermal behavior of
PCMs need to be further discussed. In addition, although dispersed nanoparticles possess
several front effects on the thermal performance of PCMs, their side effects still need to be
taken seriously. Moreover, the application of nano-modified PCMs in the medical field is
also under investigation. Through this summary and analysis, the following conclusions
are obtained:

(1) Adding nanomaterials to PCMs can generally improve the thermal conductivity
of PCMs. The heat conductivity of nano-modified PCMs increased significantly with the
increase in nanoparticle concentration in PCMs. Among many nanomaterials, CNT, CNF,
graphene, and other carbon nanomaterials have excellent physical properties, and the
modification effect is far better than that of other nanomaterials. The modification effect of
its heat transfer performance is related to its size, dosage, and surface properties.

(2) The enhancement effect of metal and metal oxide nanoparticles on the thermal
conductivity of PCM changes with changes in shape, size, and concentration. Compared
with pure metals, metal oxides are cheaper and more stable and are easier to popularize.

(3) The increase in thermal conductivity greatly reduces the crystallization and melting
time of composite PCMs. Different nanoparticles show different strengthening effects on
the crystallization of PCMs. In most cases, the crystallization and melting of nano-enhanced
PCMs depend on the mass/volume concentration of dispersed nanoparticles. However,
when the concentration of nanoparticles reaches a certain level, it not only agglomerates
but also has side effects on other performances of PCMs. Therefore, nanomaterials cannot
be introduced into PCMs without a dose limit.

(4) Generally speaking, the latent thermal capability of PCMs decreases with the
increase in nanoparticle concentration, though it may increase in special cases. The diverse
behaviors of nanoparticles influence the reduction of latent thermal capacity in different
ways. There should be an optimal concentration level of nanoparticles, in which the
enhancement of thermal conductivity is the largest and the reduction of latent heat capacity
is the smallest.

(5) The influence of nano-modified PCMs on the specific heat capacity mainly depends
on three aspects. The first is the relative size of the specific heat capacity of PCMs and
nanomaterials. The second is whether the size of the nanomaterials can form plate-like and
network nanostructures. The third is whether the specific surface area of the nanomaterials
can increase enough free energy.

(6) Nano-PCMs employed in biological medical applications showcase a notable latent
heat of fusion and low melting temperatures, all while maintaining good biocompatibility.
The versatility and advantageous properties of PCMs, achieved through nanoenhancement
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and nanofunctionalization, make them suitable for a diverse range of medical applications,
including drug delivery, healthcare, medical dressing, and so on.

Author Contributions: Conceptualization, Q.Z., Y.L. and S.P,; methodology, T.C.L.; formal analysis,
S.Z. (Shuang Zhao) and S.Z. (Su Zhang); investigation, Q.Z., T.C.L., C.S. and M.H.; writing—original
draft preparation, Q.Z.; writing—review and editing, Y.L. and S.P; supervision, Y.L. and S.P.; funding
acquisition, Q.Z., Y.L. and S.P. All authors have read and agreed to the published version of the
manuscript.

Funding: Supported by the 2023 Research and Practical Innovation Project of Graduate Students at
Harbin Medical University (no. YJSCX2023-66HYD), the National Natural Science Foundation of
China (no. 51902068), and the Open Project Program of Key Laboratory of Preservation of Human
Genetic Resources and Disease Control in China (Harbin Medical University), Ministry of Education
(no. LPHGRDC2021-002).

Data Availability Statement: The original contributions presented in the study are included in the
article, further inquiries can be directed to the corresponding author.

Conflicts of Interest: The authors declare that there are no conflicts of interest regarding the publica-

tion of this paper.

References

1. Jia, Y;Jiang, Y,; Pan, Y;; Zou, X.; Zhang, Q.; Gao, X.; Zhang, J.; Yu, K; Yang, Y.; Liu, Y. Recent advances in energy storage and
applications of form-stable phase change materials with recyclable skeleton. Carbon Neutraliz. 2024, 3, 313-343. [CrossRef]

2. Shukla, A.; Sharma, A.; Shukla, M.; Chen, C.R. Development of thermal energy storage materials for biomedical applications. J.
Med. Eng. Technol. 2015, 39, 363-368. [CrossRef] [PubMed]

3. Zhang, X,; Cheng, G.; Xing, X; Liu, J.; Cheng, Y.; Ye, T.; Wang, Q.; Xiao, X.; Li, Z.; Deng, H. Near-Infrared Light-Triggered
Porous AuPd Alloy Nanoparticles to Produce Mild Localized Heat to Accelerate Bone Regeneration. J. Phys. Chem. Lett. 2019, 10,
4185-4191. [CrossRef] [PubMed]

4. Su,];Lu,S,;Jiang, S,; Li, B,; Liu, B.; Sun, Q.; Li, J.; Wang, E; Wei, Y. Engineered Protein Photo-Thermal Hydrogels for Outstanding
In Situ Tongue Cancer Therapy. Adv. Mater. 2021, 33, 2100619. [CrossRef] [PubMed]

5. He,J.; Chen, G; Zhao, P; Ou, C. Near-infrared light-controllable bufalin delivery from a black phosphorus-hybrid supramolecular
hydrogel for synergistic photothermal-chemo tumor therapy. Nano Res. 2021, 14, 3988-3998. [CrossRef]

6. Yao, Q. Lan, Q.-H.; Jiang, X.; Du, C.-C.; Zhai, Y.-Y.; Shen, X.; Xu, H.-L.; Xiao, J.; Kou, L.; Zhao, Y.-Z. Bioinspired biliverdin/silk
fibroin hydrogel for antiglioma photothermal therapy and wound healing. Theranostics 2020, 10, 11719-11736. [CrossRef]
[PubMed]

7. Guan, G.; Win, K.Y;; Yao, X.; Yang, W.; Han, M.Y. Plasmonically Modulated Gold Nanostructures for Photothermal Ablation of
Bacteria. Adv. Healthc. Mater. 2021, 10, 2001158. [CrossRef] [PubMed]

8. Wang, S.; Liu, H.; Wu, D.; Wang, X. Temperature and pH dual-stimuli-responsive phase-change microcapsules for multipurpose
applications in smart drug delivery. J. Colloid Interface Sci. 2021, 583, 470-486. [CrossRef] [PubMed]

9. Chen, X.; Gao, H.; Hai, G,; Jia, D.; Xing, L.; Chen, S.; Cheng, P; Han, M.; Dong, W.; Wang, G. Carbon nanotube bundles assembled
flexible hierarchical framework based phase change material composites for thermal energy harvesting and thermotherapy.
Energy Storage Mater. 2020, 26, 129-137. [CrossRef]

10. Atinafu, D.G; Yun, B.Y,; Yang, S.; Yuk, H.; Wi, S.; Kim, S. Structurally advanced hybrid support composite phase change materials:
Architectural synergy. Energy Storage Mater. 2021, 42, 164-184. [CrossRef]

11. Lin, Y.X,; Alva, G.; Fang, G.Y. Review on thermal performances and applications of thermal energy storage systems with inorganic
phase change materials. Energy 2018, 165, 685-708. [CrossRef]

12. Yu, K, Liu, C; Li, L,; Tian, W.; Yang, Y.; Liu, Y. Carbon-negative heat-stored limestone calcined clay cement mortar containing
form-stable phase change materials. J. Clean. Prod. 2024, 437, 140703. [CrossRef]

13. Nazir, H.; Batool, M.; Osorio, E].B.; Isaza-Ruiz, M.; Xu, X.; Vignarooban, K.; Phelan, P.; Inamuddin; Kannan, A.M. Recent
developments in phase change materials for energy storage applications: A review. Int. ]. Heat Mass Transf. 2019, 129, 491-523.
[CrossRef]

14. Yu, K;Jia, M,; Tian, W,; Yang, Y.; Liu, Y. Enhanced thermo-mechanical properties of cementitious composites via red mud-based
microencapsulated phase change material: Towards energy conservation in building. Energy 2024, 290, 130301. [CrossRef]

15. Yu, K Liu, Y;; Yang, Y. Review on form-stable inorganic hydrated salt phase change materials: Preparation, characterization and
effect on the thermophysical properties. Appl. Energy 2021, 292, 116845. [CrossRef]

16. Ho, M.X,; Pan, C. Optimal concentration of alumina nanoparticles in molten Hitec salt to maximize its specific heat capacity. Int.
J. Heat Mass Transf. 2014, 70, 174-184. [CrossRef]

17.  Sang, L.; Liu, T. The enhanced specific heat capacity of ternary carbonates nanofluids with different nanoparticles. Sol. Energy

Mater. Sol. Cells 2017, 169, 297-303. [CrossRef]


https://doi.org/10.1002/cnl2.117
https://doi.org/10.3109/03091902.2015.1054523
https://www.ncbi.nlm.nih.gov/pubmed/26103988
https://doi.org/10.1021/acs.jpclett.9b01735
https://www.ncbi.nlm.nih.gov/pubmed/31295998
https://doi.org/10.1002/adma.202100619
https://www.ncbi.nlm.nih.gov/pubmed/33861490
https://doi.org/10.1007/s12274-021-3325-z
https://doi.org/10.7150/thno.47682
https://www.ncbi.nlm.nih.gov/pubmed/33052243
https://doi.org/10.1002/adhm.202001158
https://www.ncbi.nlm.nih.gov/pubmed/33184997
https://doi.org/10.1016/j.jcis.2020.09.073
https://www.ncbi.nlm.nih.gov/pubmed/33011414
https://doi.org/10.1016/j.ensm.2019.12.029
https://doi.org/10.1016/j.ensm.2021.07.022
https://doi.org/10.1016/j.energy.2018.09.128
https://doi.org/10.1016/j.jclepro.2024.140703
https://doi.org/10.1016/j.ijheatmasstransfer.2018.09.126
https://doi.org/10.1016/j.energy.2024.130301
https://doi.org/10.1016/j.apenergy.2021.116845
https://doi.org/10.1016/j.ijheatmasstransfer.2013.10.078
https://doi.org/10.1016/j.solmat.2017.05.032

Nanomaterials 2024, 14, 1126 25 of 28

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.
45.

Akeiber, H.; Nejat, P.; Abd Majid, M.Z.; Wahid, M.A.; Jomehzadeh, F.; Famileh, [.Z.; Calautit, ].K.; Hughes, B.R.; Zaki, S.A. A
review on phase change material (PCM) for sustainable passive cooling in building envelopes. Renew. Sustain. Energy Rev. 2016,
60, 1470-1497. [CrossRef]

Saleh, T.A. Trends in nanomaterial types, synthesis methods, properties and uses: Toxicity, environmental concerns and economic
viability. Nano-Struct. Nano-Objects 2024, 37, 101109. [CrossRef]

Qi, G.Q;; Yang, ].; Bao, R.Y,; Liu, Z.Y,; Yang, W.; Xie, B.H.; Yang, M.B. Enhanced comprehensive performance of polyethylene
glycol based phase change material with hybrid graphene nanomaterials for thermal energy storage. Carbon 2015, 88, 196-205.
[CrossRef]

Kibria, M.A.; Anisur, M.R,; Mahfuz, M.H.; Saidur, R.; Metselaar, LH.S.C. A review on thermophysical properties of nanoparticle
dispersed phase change materials. Energy Convers. Manag. 2015, 95, 69-89. [CrossRef]

Ma, Z.; Lin, W.; Sohel, M.I. Nano-enhanced phase change materials for improved building performance. Renew. Sustain. Energy
Rev. 2016, 58, 1256-1268. [CrossRef]

Hou, X,; Jiang, H.; Ali, M.K.A; Liu, H.; Su, D.; Tian, Z. Dispersion behavior assessment of the molybdenum disulfide nanomaterials
dispersed into poly alpha olefin. J. Mol. Lig. 2020, 311, 113303. [CrossRef]

Siddiqui, ER.; Tso, C.Y.; Chan, K.C.; Fu, S.C.; Chao, C.Y.H. On trade-off for dispersion stability and thermal transport of Cu-Al,O3
hybrid nanofluid for various mixing ratios. Int. J. Heat Mass Transf. 2019, 132, 1200-1216. [CrossRef]

Jafri, R.I; Arockiados, T.; Rajalakshmi, N.; Ramaprabhu, S. Nanostructured Pt Dispersed on Graphene-Multiwalled Carbon
Nanotube Hybrid Nanomaterials as Electrocatalyst for PEMFC. |. Electrochem. Soc. 2010, 157, B874. [CrossRef]

Zhang, Q.; Yu, K;; Pan, Y;; Li, J.; Qu, Q.; Pan, S.; Liu, Y. Encapsulation and functionalization strategies of organic phase change
materials in medical applications. J. Therm. Anal. Calorim. 2024, 149, 4333-4366. [CrossRef]

DeLoid, G.M.; Cohen, ].M.; Pyrgiotakis, G.; Demokritou, P. Preparation, characterization, and in vitro dosimetry of dispersed,
engineered nanomaterials. Nat. Protoc. 2017, 12, 355-371. [CrossRef]

Gholami, R.; Raza, A.; Rabiei, M.; Fakhari, N.; Balasubramaniam, P.; Rasouli, V.; Nagarajan, R. An approach to improve wellbore
stability in active shale formations using nanomaterials. Petroleum 2021, 7, 24-32. [CrossRef]

Zhang, Q.; Chi, H.; Tang, M.; Chen, J.; Li, G; Liu, Y.; Liu, B. Mixed surfactant modified graphene oxide nanocarriers for DOX
delivery to cisplatin-resistant human ovarian carcinoma cells. RSC Adv. 2016, 6, 87258. [CrossRef]

Estrada-Monje, A.; Zitzumbo-Guzman, R.; Bafiuelos-Diaz, J.A.; Zaragoza-Contreras, E.A. Ultrasonic dispersion and activation of
TiO; nanoparticles and its effect on bacterial inhibition in EVA films. Mater. Chem. Phys. 2019, 235, 121760. [CrossRef]

Wu, Y,; Liu, B.; Kang, H.; Guo, E.; Li, J.; Du, G.; Chen, Z.; Wang, T. Ultrasound-assisted dispersion of TiB, nanoparticles in 7075
matrix hybrid composites. Mater. Sci. Eng. A 2022, 840, 142958. [CrossRef]

Nishad, J.; Dutta, A.; Saha, S.; Rudra, S.G.; Varghese, E.; Sharma, R.R.; Tomar, M.; Kumar, M.; Kaur, C. Ultrasound-assisted
development of stable grapefruit peel polyphenolic nano-emulsion: Optimization and application in improving oxidative stability
of mustard oil. Food Chem. 2021, 334, 127561. [CrossRef] [PubMed]

Yue, M.; Huang, M.; Zhu, Z.; Huang, T.; Huang, M. Effect of ultrasound assisted emulsification in the production of Pickering
emulsion formulated with chitosan self-assembled particles: Stability, macro, and micro rheological properties. LWT 2022, 154,
112595. [CrossRef]

Sunu Surendran, K.T.; Gnanavelbabu, A. Efficacy of ultrasonic treatment for dispersing nanoparticles: A correlation with
microstructure. Mater. Today Proc. 2021, 45, 7845-7849. [CrossRef]

Xue, T; Yu, C.; Zhou, Z.; Zhang, F. Imidization of styrene-maleic anhydride copolymer for dispersing nano-SiO, in water. J. Coat.
Technol. Res. 2023, 20, 1867-1880. [CrossRef]

Ettelaie, R.; Zengin, A.; Lishchuk, S.V. Novel food grade dispersants: Review of recent progress. Curr. Opin. Colloid Interface Sci.
2017, 28, 46-55. [CrossRef]

Lee, J.; Jo, S.H.; Lim, J. Effect of surface modification of CaCO3 nanoparticles by a silane coupling agent methyltrimethoxysilane
on the stability of foam and emulsion. J. Ind. Eng. Chem. 2019, 74, 63-70. [CrossRef]

Dario, B.S.; Pereira, R.; Petri, D.ES. Tristyrylphenol based surfactants as efficient dispersants of TiO, particles in dilute and
concentrated dispersions. Colloids Surf. A Physicochem. Eng. Asp. 2022, 654, 130170. [CrossRef]

Krishnakumar, V.; Elansezhian, R. Dispersion stability of zinc oxide nanoparticles in an electroless bath with various surfactants.
Mater. Today Proc. 2022, 51, 369-373. [CrossRef]

Kubo, T.; Wang, X.; Tong, Q.; Yan, M. Polymer-Based Photocoupling Agent for the Efficient Immobilization of Nanomaterials and
Small Molecules. Langmuir 2011, 27, 9372-9378. [CrossRef]

Mallakpour, S.; Madani, M. A review of current coupling agents for modification of metal oxide nanoparticles. Prog. Org. Coat.
2015, 86, 194-207. [CrossRef]

Abdolmaleki, A.; Mallakpour, S.; Borandeh, S. Effect of silane-modified ZnO on morphology and properties of bionanocomposites
based on poly(ester-amide) containing tyrosine linkages. Polym. Bull. 2012, 69, 15-28. [CrossRef]

Li, M,; Du, Z,; Fang, X,; Ge, X; Yu, S. Esterified styrene-maleic anhydride ester copolymer—-modified MWCNTs dispersion with
excellent dispersibility and long storage stability. J. Nanopart. Res. 2023, 25, 216. [CrossRef]

Guglielmi, M.; Kickelbick, G.; Martucci, A. Sol-Gel Nanocomposites; Springer: Berlin/Heidelberg, Germany, 2014.

Ma, T,; Li, Z.; Zhao, J. Photovoltaic panel integrated with phase change materials (PV-PCM): Technology overview and materials
selection. Renew. Sustain. Energy Rev. 2019, 116, 109406. [CrossRef]


https://doi.org/10.1016/j.rser.2016.03.036
https://doi.org/10.1016/j.nanoso.2024.101109
https://doi.org/10.1016/j.carbon.2015.03.009
https://doi.org/10.1016/j.enconman.2015.02.028
https://doi.org/10.1016/j.rser.2015.12.234
https://doi.org/10.1016/j.molliq.2020.113303
https://doi.org/10.1016/j.ijheatmasstransfer.2018.12.094
https://doi.org/10.1149/1.3374353
https://doi.org/10.1007/s10973-024-12999-8
https://doi.org/10.1038/nprot.2016.172
https://doi.org/10.1016/j.petlm.2020.01.001
https://doi.org/10.1039/C6RA17609G
https://doi.org/10.1016/j.matchemphys.2019.121760
https://doi.org/10.1016/j.msea.2022.142958
https://doi.org/10.1016/j.foodchem.2020.127561
https://www.ncbi.nlm.nih.gov/pubmed/32711272
https://doi.org/10.1016/j.lwt.2021.112595
https://doi.org/10.1016/j.matpr.2020.12.283
https://doi.org/10.1007/s11998-023-00783-6
https://doi.org/10.1016/j.cocis.2017.03.004
https://doi.org/10.1016/j.jiec.2019.02.002
https://doi.org/10.1016/j.colsurfa.2022.130170
https://doi.org/10.1016/j.matpr.2021.05.467
https://doi.org/10.1021/la201324h
https://doi.org/10.1016/j.porgcoat.2015.05.023
https://doi.org/10.1007/s00289-011-0685-7
https://doi.org/10.1007/s11051-023-05866-4
https://doi.org/10.1016/j.rser.2019.109406

Nanomaterials 2024, 14, 1126 26 of 28

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Kenisarin, M.M.; Mahkamov, K.; Costa, S.C.; Makhkamova, I. Melting and solidification of PCMs inside a spherical capsule: A
critical review. J. Energy Storage 2020, 27, 101082. [CrossRef]

Yang, L.; Huang, ].-n.; Zhou, F. Thermophysical properties and applications of nano-enhanced PCMs: An update review. Energy
Convers. Manag. 2020, 214, 112876. [CrossRef]

Al-Shannagq, R.; Kurdi, J.; Al-Muhtaseb, S.; Farid, M. Innovative method of metal coating of microcapsules containing phase
change materials. Sol. Energy 2016, 129, 54—64. [CrossRef]

Deng, Y.; Li, J.; Qian, T.; Guan, W,; Li, Y.; Yin, X. Thermal conductivity enhancement of polyethylene glycol/expanded vermiculite
shape-stabilized composite phase change materials with silver nanowire for thermal energy storage. Chem. Eng. |. 2016, 295,
427-435. [CrossRef]

Zeng, ].L.; Cao, Z.; Yang, D.W,; Sun, L.X.; Zhang, L. Thermal conductivity enhancement of Ag nanowires on an organic phase
change material. J. Therm. Anal. Calorim. 2010, 101, 385-389. [CrossRef]

Sreethawong, T.; Shah, KW.; Zhang, S.Y.; Ye, E.; Lim, S.H.; Maheswaran, U.; Mao, W.Y.; Han, M.Y. Optimized production of
copper nanostructures with high yields for efficient use as thermal conductivity-enhancing PCM dopant. |. Mater. Chem. A 2014,
2,3417. [CrossRef]

Molefi, J.A.; Luyt, A.S.; Krupa, I. Investigation of thermally conducting phase-change materials based on polyethylene/wax
blends filled with copper particles. . Appl. Polym. Sci. 2010, 116, 1766-1774. [CrossRef]

Tang, B.; Qiu, M.; Zhang, S. Thermal conductivity enhancement of PEG/SiO, composite PCM by in situ Cu doping. Sol. Energy
Mater. Sol. Cells 2012, 105, 242-248. [CrossRef]

Babapoor, A.; Karimi, G. Thermal properties measurement and heat storage analysis of paraffinnanoparticles composites phase
change material: Comparison and optimization. Appl. Therm. Eng. 2015, 90, 945-951. [CrossRef]

Sharma, R.K.; Ganesan, P; Tyagi, V.V.; Metselaar, H.S.C.; Sandaran, S.C. Thermal properties and heat storage analysis of palmitic
acid-TiO, composite as nano-enhanced organic phase change material (NEOPCM). Appl. Therm. Eng. 2016, 99, 1254-1262.
[CrossRef]

Li, Y; Li, J.; Deng, Y.; Guan, W.; Wang, X.; Qian, T. Preparation of paraffin/porous TiO, foams with enhanced thermal conductivity
as PCM, by covering the TiO, surface with a carbon layer. Appl. Energy 2016, 171, 37—45. [CrossRef]

Sahan, N.; Fois, M.; Paksoy, H. Improving thermal conductivity phase change materials—A study of paraffin nanomagnetite
composites. Sol. Energy Mater. Sol. Cells 2015, 137, 61-67. [CrossRef]

Jiang, X.; Luo, R.; Peng, F; Fang, Y.; Akiyama, T.; Wang, S. Synthesis, characterization and thermal properties of paraffin
microcapsules modified with nano-Al,O3. Appl. Energy 2015, 137, 731-737. [CrossRef]

Li, M.; Guo, Q.; Su, Y. The thermal conductivity improvements of phase change materials using modified carbon nanotubes.
Diam. Relat. Mater. 2022, 125, 109023. [CrossRef]

Yu, K;; Liu, Y,; Sun, E; Jia, M.; Yang, Y. Graphene-Modified Hydrate Salt/UV-Curable Resin Form-Stable Phase Change Materials:
Continuously Adjustable Phase Change Temperature and Ultrafast Solar-to-Thermal Conversion. Energy Fuels 2019, 33, 7634-7644.
[CrossRef]

Liu, Y; Yu, K; Xie, M; Lu, S,; Yang, Y.; Wang, H; Jia, H. Hydrate salt/self-curing acrylic resin form-stable phase change materials
with enhanced surface stability and thermal properties via the incorporation of graphene oxide. Int. |. Energy Res. 2020, 44,
5791-5805. [CrossRef]

Xu, C.; Wang, W.; Zhang, H.; Fang, G. Thermal properties of lauric acid-palmitic acid eutectics/polyvinyl butyral/carbon
nanofibers as shape-stable phase change materials. Thermochim. Acta 2022, 715, 179300. [CrossRef]

Yu, K;; Jin, B; Liu, Y.; Li, L. Enhanced thermal conductivity of form-stable phase change materials using carbon nanofiber-
expanded graphite hybrid structure. Mater. Res. Express 2019, 6, 125503. [CrossRef]

Ji, H.; Sellan, D.P,; Pettes, M.T.; Kong, X.; Ji, ].; Li, S.; Ruoff, R.S. Enhanced thermal conductivity of phase change materials with
ultrathin-graphite foams for thermal energy storage. Energy Environ. Sci. 2014, 7, 1185-1192. [CrossRef]

Shi, J.-N.; Ger, M.-D; Liu, Y.-M.; Fan, Y.-C.; Wen, N.-T; Lin, C.-K_; Pu, N.-W. Improving the thermal conductivity and shape-
stabilization of phase change materials using nanographite additives. Carbon 2013, 51, 365-372. [CrossRef]

Praveen, B.; Suresh, S.; Pethurajan, V. Heat transfer performance of graphene nano-platelets laden micro-encapsulated PCM with
polymer shell for thermal energy storage based heat sink. Appl. Therm. Eng. 2019, 156, 237-249. [CrossRef]

Oya, T.; Nomura, T.; Tsubota, M.; Okinaka, N.; Akiyama, T. Thermal conductivity enhancement of erythritol as PCM by using
graphite and nickel particles. Appl. Therm. Eng. 2013, 61, 825-828. [CrossRef]

Cui, Y,; Liu, C,; Hu, S.; Yu, X. The experimental exploration of carbon nanofiber and carbon nanotube additives on thermal
behavior of phase change materials. Sol. Energy Mater. Sol. Cells 2011, 95, 1208-1212. [CrossRef]

Taheri, M.; Pourfayaz, F.; Hemmati, S. A highly accurate model for prediction of thermal conductivity of carbon-based nano-
enhanced PCMs using an artificial neural network. Energy Rep. 2023, 10, 1249-1258. [CrossRef]

Colla, L.; Fedele, L.; Mancin, S.; Danza, L.; Manca, O. Nano-PCMs for enhanced energy storage and passive cooling applications.
Appl. Therm. Eng. 2017, 110, 584-589. [CrossRef]

Teng, T.P,; Yu, C.C. Characteristics of phase-change materials containing oxide nano-additives for thermal storage. Nanoscale Res.
Lett. 2012, 7, 611. [CrossRef]

Pastoriza-Gallego, M.].; Lugo, L.; Legido, ].L.; Pifieiro, M.M. Rheological non-Newtonian behaviour of ethylene glycol-based
Fe, O3 nanofluids. Nanoscale Res. Lett. 2011, 6, 560. [CrossRef] [PubMed]


https://doi.org/10.1016/j.est.2019.101082
https://doi.org/10.1016/j.enconman.2020.112876
https://doi.org/10.1016/j.solener.2016.01.043
https://doi.org/10.1016/j.cej.2016.03.068
https://doi.org/10.1007/s10973-009-0472-y
https://doi.org/10.1039/c3ta14550f
https://doi.org/10.1002/app.31653
https://doi.org/10.1016/j.solmat.2012.06.012
https://doi.org/10.1016/j.applthermaleng.2015.07.083
https://doi.org/10.1016/j.applthermaleng.2016.01.130
https://doi.org/10.1016/j.apenergy.2016.03.010
https://doi.org/10.1016/j.solmat.2015.01.027
https://doi.org/10.1016/j.apenergy.2014.09.028
https://doi.org/10.1016/j.diamond.2022.109023
https://doi.org/10.1021/acs.energyfuels.9b01165
https://doi.org/10.1002/er.5342
https://doi.org/10.1016/j.tca.2022.179300
https://doi.org/10.1088/2053-1591/ab52ae
https://doi.org/10.1039/C3EE42573H
https://doi.org/10.1016/j.carbon.2012.08.068
https://doi.org/10.1016/j.applthermaleng.2019.04.072
https://doi.org/10.1016/j.applthermaleng.2012.05.033
https://doi.org/10.1016/j.solmat.2011.01.021
https://doi.org/10.1016/j.egyr.2023.07.058
https://doi.org/10.1016/j.applthermaleng.2016.03.161
https://doi.org/10.1186/1556-276X-7-611
https://doi.org/10.1186/1556-276X-6-560
https://www.ncbi.nlm.nih.gov/pubmed/22027018

Nanomaterials 2024, 14, 1126 27 of 28

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

Younes, H.; Christensen, G.; Luan, X.; Hong, H.; Smith, P. Effects of alignment, pH, surfactant, and solvent on heat transfer
nanofluids containing Fe;O3 and CuO nanoparticles. J. Appl. Phys. 2012, 111, 064308. [CrossRef]

Shaikh, S.; Lafdi, K.; Hallinan, K. Carbon nanoadditives to enhance latent energy storage of phase change materials. J. Appl. Phys.
2008, 103, 094302. [CrossRef]

Karaipekli, A.; Biger, A.; Sar1, A.; Tyagi, V.V. Thermal characteristics of expanded perlite/paraffin composite phase change
material with enhanced thermal conductivity using carbon nanotubes. Energy Convers. Manag. 2017, 134, 373-381. [CrossRef]
Elbahjaoui, R.; El Qarnia, H. Thermal analysis of nanoparticle-enhanced phase change material solidification in a rectangular
latent heat storage unit including natural convection. Energy Build. 2017, 153, 1-17. [CrossRef]

Rufuss, D.D.W.,; Suganthi, L.; Iniyan, S.; Davies, P.A. Effects of nanoparticle-enhanced phase change material (NPCM) on solar
still productivity. J. Clean. Prod. 2018, 192, 9-29. [CrossRef]

Praveen, B.; Suresh, S. Experimental study on heat transfer performance of neopentyl glycol/CuO composite solid-solid PCM in
TES based heat sink. Eng. Sci. Technol. Int. ]. 2018, 21, 1086-1094. [CrossRef]

Ho, C.J.; Gao, J.Y. Preparation and thermophysical properties of nanoparticle-in-paraffin emulsion as phase change material. Int.
Commun. Heat Mass Transf. 2009, 36, 467-470. [CrossRef]

Zeng, ].-L.; Zhu, F-R; Yu, S.-B.; Zhu, L.; Cao, Z.; Sun, L.-X.; Deng, G.-R.; Yan, W.-P.; Zhang, L. Effects of copper nanowires on the
properties of an organic phase change material. Sol. Energy Mater. Sol. Cells 2012, 105, 174-178. [CrossRef]

Salyan, S.; Suresh, S. Study of thermo-physical properties and cycling stability of d-Mannitol-copper oxide nanocomposites as
phase change materials. J. Energy Storage 2018, 15, 245-255. [CrossRef]

Khan, Z.; Khan, Z.A.; Sewell, P. Heat transfer evaluation of metal oxides based nano-PCMs for latent heat storage system
application. Int. . Heat Mass Transf. 2019, 144, 118619. [CrossRef]

Pomianowski, M.; Heiselberg, P.; Jensen, R.L.; Cheng, R.; Zhang, Y. A new experimental method to determine specific heat
capacity of inhomogeneous concrete material with incorporated microencapsulated-PCM. Cem. Concr. Res. 2014, 55, 22-34.
[CrossRef]

Zhang, Y. Modified computational methods using effective heat capacity model for the thermal evaluation of PCM outfitted
walls. Int. Commun. Heat Mass Transf. 2019, 108, 104278. [CrossRef]

Bao, X; Tian, Y.; Yuan, L.; Cui, H.; Tang, W.; Fung, WH.; Qi, H. Development of high performance PCM cement composites for
passive solar buildings. Energy Build. 2019, 194, 33-45. [CrossRef]

Shin, D.; Banerjee, D. Enhancement of specific heat capacity of high-temperature silica-nanofluids synthesized in alkali chloride
salt eutectics for solar thermal-energy storage applications. Int. ]. Heat Mass Transf. 2011, 54, 1064-1070. [CrossRef]

Chieruzzi, M.; Cerritelli, G.F; Miliozzi, A.; Kenny, ]. M. Effect of nanoparticles on heat capacity of nanofluids based on molten
salts as PCM for thermal energy storage. Nanoscale Res. Lett. 2013, 8, 448. [CrossRef] [PubMed]

Dudda, B.; Shin, D. Effect of nanoparticle dispersion on specific heat capacity of a binary nitrate salt eutectic for concentrated
solar power applications. Int. |. Therm. Sci. 2013, 69, 37—-42. [CrossRef]

He, Q.; Wang, S.; Tong, M.; Liu, Y. Experimental study on thermophysical properties of nanofluids as phase-change material
(PCM) in low temperature cool storage. Energy Convers. Manag. 2012, 64, 199-205. [CrossRef]

Tao, Y.B.; Liu, Y.K.; He, Y.L. Effect of carbon nanomaterial on latent heat storage performance of carbonate salts in horizontal
concentric tube. Energy 2019, 185, 994-1004. [CrossRef]

Liu, Y,; Yang, Y. Investigation of specific heat and latent heat enhancement in hydrate salt based TiO, nanofluid phase change
material. Appl. Therm. Eng. 2017, 124, 533-538. [CrossRef]

Cao, L.; Fang, M.; Cong, Y. Effect of nanoparticle clusters on the specific heat capacity of a molten carbonate for thermal energy
storage. |. Energy Storage 2023, 68, 107664. [CrossRef]

Ryu, TK.; Baek, SW.; Kang, R.H.; Jeong, K.Y.; Jun, D.R.; Choi, S.W. Photodynamic and photothermal tumor therapy using
phase-change material nanoparticles containing chlorin e6 and nanodiamonds. J. Control. Release Off. ]. Control. Release Soc. 2018,
270, 237-245. [CrossRef]

Hu, C.; Wang, Z.; Bo, R; Li, C.; Meng, X. Effect of the cooling clothing integrating with phase change material on the thermal
comfort of healthcare workers with personal protective equipment during the COVID-19. Case Stud. Therm. Eng. 2023, 42, 102725.
[CrossRef]

Lv, J.; Wang, J.; Wang, ].; Zhang, T.; Yang, B.; Zhen, Z.; Zheng, Y.; Wang, Y. Nanofibrous films embedded with phase change
material: Flexible and photo-responsive dressings for thermal compress therapy. J. Energy Storage 2023, 60, 106609. [CrossRef]
Zhang, Q.; Li, J.; Qu, Q.; Pan, S; Yu, K.; Liu, Y. Graphene oxide modified sodium alginate/polyethylene glycol phase change
material hydrogel scaffold composite with photothermal temperature control for potential bone tissue regeneration. J. Mater. Res.
Technol. 2024, 30, 2446-2457. [CrossRef]

Ma, K;; Zhang, X.; Ji, J.; Han, L.; Ding, X.; Xie, W. Application and research progress of phase change materials in biomedical field.
Biomater. Sci. 2021, 9, 5762-5780. [CrossRef]

Shen, S.; Zhu, C.; Huo, D.; Yang, M.; Xue, J.; Xia, Y. A Hybrid Nanomaterial for the Controlled Generation of Free Radicals and
Oxidative Destruction of Hypoxic Cancer Cells. Angew. Chem. 2017, 56, 8801-8804. [CrossRef]

Qiu, J.; Xie, M.; Wu, T.; Qin, D.; Xia, Y. Gold nanocages for effective photothermal conversion and related applications. Chem. Sci.
2020, 11, 12955-12973. [CrossRef]


https://doi.org/10.1063/1.3694676
https://doi.org/10.1063/1.2903538
https://doi.org/10.1016/j.enconman.2016.12.053
https://doi.org/10.1016/j.enbuild.2017.08.003
https://doi.org/10.1016/j.jclepro.2018.04.201
https://doi.org/10.1016/j.jestch.2018.07.010
https://doi.org/10.1016/j.icheatmasstransfer.2009.01.015
https://doi.org/10.1016/j.solmat.2012.06.013
https://doi.org/10.1016/j.est.2017.10.013
https://doi.org/10.1016/j.ijheatmasstransfer.2019.118619
https://doi.org/10.1016/j.cemconres.2013.09.012
https://doi.org/10.1016/j.icheatmasstransfer.2019.104278
https://doi.org/10.1016/j.enbuild.2019.04.011
https://doi.org/10.1016/j.ijheatmasstransfer.2010.11.017
https://doi.org/10.1186/1556-276X-8-448
https://www.ncbi.nlm.nih.gov/pubmed/24168168
https://doi.org/10.1016/j.ijthermalsci.2013.02.003
https://doi.org/10.1016/j.enconman.2012.04.010
https://doi.org/10.1016/j.energy.2019.07.106
https://doi.org/10.1016/j.applthermaleng.2017.05.150
https://doi.org/10.1016/j.est.2023.107664
https://doi.org/10.1016/j.jconrel.2017.12.008
https://doi.org/10.1016/j.csite.2023.102725
https://doi.org/10.1016/j.est.2023.106609
https://doi.org/10.1016/j.jmrt.2024.04.009
https://doi.org/10.1039/D1BM00719J
https://doi.org/10.1002/anie.201702898
https://doi.org/10.1039/D0SC05146B

Nanomaterials 2024, 14, 1126 28 of 28

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

Moon, G.D.; Choi, S.W.; Cai, X.; Li, W.; Cho, E.C.; Jeong, U.; Wang, L.V.; Xia, Y. A new theranostic system based on gold nanocages
and phase-change materials with unique features for photoacoustic imaging and controlled release. |. Am. Chem. Soc. 2011, 133,
4762-4765. [CrossRef]

Cheng, H.; Huo, D.; Zhu, C; Shen, S.; Wang, W.; Li, H.; Zhu, Z.; Xia, Y. Combination cancer treatment through photothermally
controlled release of selenous acid from gold nanocages. Biomaterials 2018, 178, 517-526. [CrossRef]

Wang, Y.; Brown, P,; Xia, Y. Swarming towards the target. Nat. Mater. 2011, 10, 482—483. [CrossRef]

Seo, S.H.; Kim, B.M.; Joe, A.; Han, HW.; Chen, X.; Cheng, Z.; Jang, E.S. NIR-light-induced surface-enhanced Raman scattering
for detection and photothermal/photodynamic therapy of cancer cells using methylene blue-embedded gold nanorod@SiO,
nanocomposites. Biomaterials 2014, 35, 3309-3318. [CrossRef] [PubMed]

Yang, P.; Gai, S.; Lin, J. Review—Functionalized mesoporous silica materials for controlled drug delivery. Chem. Soc. Rev. 2012, 41,
3679-3698. [CrossRef]

Qiu, J.; Huo, D.; Xue, J.; Zhu, G.; Xia, Y. Encapsulation of a Phase-Change Material in Nanocapsules with a Well-Defined Hole in
the Wall for the Controlled Release of Drugs. Angew. Chem. Int. Ed. 2019, 58, 10606-10611. [CrossRef]

Zhang, E. What controls the antibacterial activity of Ti-Ag alloy, Ag ion or TipAg particles? Mater. Sci. Eng. C 2019, 109, 110548.
Zhang, X.; Wang, X.; Wu, D. Design and synthesis of multifunctional microencapsulated phase change materials with silver/silica
double-layered shell for thermal energy storage, electrical conduction and antimicrobial effectiveness. Energy 2016, 111, 498-512.
[CrossRef]

1li¢, V,; gaponjié, Z.; Vodnik, V.; Molina, R.; Dimitrijevi¢, S.; Jovanc¢i¢, P.; Nedeljkovi¢, J.; Radeti¢, M. Antifungal efficiency of corona
pretreated polyester and polyamide fabrics loaded with Ag nanoparticles. J. Mater. Sci. 2009, 44, 3983-3990. [CrossRef]

Zhang, X. 3—Heat-storage and thermo-regulated textiles and clothing. In Smart Fibres, Fabrics and Clothing; Tao, X., Ed.; Woodhead
Publishing: Sawston, UK, 2001; pp. 34-57.

Shao, Y.-W.; Hu, W.-W.; Gao, M.-H,; Xiao, Y.-Y.; Huang, T.; Zhang, N.; Yang, J.-H.; Qi, X.-D.; Wang, Y. Flexible MXene-coated
melamine foam based phase change material composites for integrated solar-thermal energy conversion/storage, shape memory
and thermal therapy functions. Compos. Part A Appl. Sci. Manuf. 2021, 143, 106291. [CrossRef]

Nelson, G. Application of microencapsulation in textiles. Int. J. Pharm. 2002, 242, 55-62. [CrossRef]

Zhang, K,; Lv, H.; Zheng, Y.; Yao, Y,; Li, X,; Yu, ].; Ding, B. Corrigendum to “Nanofibrous hydrogels embedded with phase-change
materials: Temperature-responsive dressings for accelerating skin wound healing” [Compos. Commun. 25 (2021) 100752].
Compos. Commun. 2022, 30, 101091. [CrossRef]

Li, X; Yu, S.; Zhang, T.; Yuan, X.; Chen, L.; Lv, J.; Wang, Y. Flexible and photo-responsive composite phase change materials for
thermal therapy. J. Energy Storage 2024, 75, 109595. [CrossRef]

Meng, B.; Zhang, X.; Hua, W.; Liu, L.; Ma, K. Development and application of phase change material in fresh e-commerce cold
chain logistics: A review. J. Energy Storage 2022, 55, 105373. [CrossRef]

Ashok, A.; Brison, M.; LeTallec, Y. Improving cold chain systems: Challenges and solutions. Vaccine 2017, 35, 2217-2223.
[CrossRef] [PubMed]

Zhang, G.; Chen, L.; Lu, W.; Wu, Z. Production of ternary organic phase change material combined with expanded graphite and
its application in cold chain transportation. Therm. Sci. Eng. Prog. 2023, 46, 102204. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1021/ja200894u
https://doi.org/10.1016/j.biomaterials.2018.03.058
https://doi.org/10.1038/nmat3060
https://doi.org/10.1016/j.biomaterials.2013.12.066
https://www.ncbi.nlm.nih.gov/pubmed/24424205
https://doi.org/10.1039/c2cs15308d
https://doi.org/10.1002/anie.201904549
https://doi.org/10.1016/j.energy.2016.06.017
https://doi.org/10.1007/s10853-009-3547-z
https://doi.org/10.1016/j.compositesa.2021.106291
https://doi.org/10.1016/S0378-5173(02)00141-2
https://doi.org/10.1016/j.coco.2022.101091
https://doi.org/10.1016/j.est.2023.109595
https://doi.org/10.1016/j.est.2022.105373
https://doi.org/10.1016/j.vaccine.2016.08.045
https://www.ncbi.nlm.nih.gov/pubmed/27670076
https://doi.org/10.1016/j.tsep.2023.102204

	Introduction 
	Dispersion and Stability of Nanomaterials in PCMs 
	Agglomeration of Nanomaterials and Their Influence Factors 
	Improvement Methods 
	Physical Methods 
	Chemical Methods 


	The Effect of Nano-Modification on the Thermophysical Properties of PCMs 
	Thermal Conductivity 
	Nano Metal 
	Nano-Metal Oxide 
	Carbon Nanomaterials 

	Latent Heat 
	Influence Principles 
	Carbon Nanomaterials 
	Nano-Metal and Metal Oxide 

	Specific Heat Capacity 

	Medical Applications of Nano-Modified PCMs 
	Current Challenges and Future Trends 
	Conclusions 
	References

